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In light of the control that Earth's changing and variable climate has on the 30 multiple atmospheric and oceanic processes that combine to enhance coastal hazards, 31
there is a need to re-evaluate procedures used to quantify flooding and erosion risk to 32 better protect coastal populations, infrastructure, and ecosystems. Most recent attention 33 has been directed toward potential acceleration in the global mean rise in sea levels (e.g., 34
Church and White, 2006; Bindoff et al., 2007; Rahmstorf, 2010) . This problem has 35 received considerable scientific, public, and political attention, and research has focused 36 not only on predicting the magnitude and time scales associated with sea level rise (SLR) 37 but also on studies quantifying the merits of various mitigation and adaptation strategies 38 (e.g., Nichols and Tol, 2006) . 39
A second important phenomenon that has been speculatively linked to (e.g., 40 However, Geng and Sugi (2003) found that the decrease in annual numbers of storms is 79 typically of the weak-medium strength variety, while the stronger storms have actually 80 increased in frequency. Young (2011) recently demonstrated that over the (relatively 81 short) altimetry record both wind speeds and wave heights, particularly the extremes, are 82 increasing along much of the coast of North America. These documented changes in 83 storms are thought to be primarily due to changes in baroclinicity, which in turn has been 84 linked to changes in atmospheric temperature distributions due to increased greenhouse 85 gas emissions. Yin (2005) used the output of 15 coupled general circulation models to 86 relate the poleward shift of storm tracks to forecasted changes in baroclinicity in the 21st 87 century. Though these studies were conclusive that storminess has changed over the last 88 several decades and may continue to change in the future, uncertainties regarding natural 89 variability and model limitations remain. 90
While the exact cause of the increasing wave heights in portions of the Northeast 91
Pacific is still uncertain, the impacts of this phenomenon, particularly in regards to 92 assessments of coastal hazards along the west coast of North America, remain largely 93 uninvestigated. In this paper we quantitatively test the hypothesis that over the historical 94 record (~the last 30 years) increasing wave heights (and periods) have been more 95 important than sea level changes in terms of increasing the vulnerability of the U.S. The connection between climate change and the potential for increased exposure 103 to coastal hazards is established through application of a total water level (TWL) model 104 (Ruggiero et al., 2001 ) that involves the summation of the predicted astronomical tides, 105 the non-tidal factors that alter the measured tides from those predicted (most important in 106 the PNW being elevated tides during major El Niños), and the runup levels of the waves 107 on the beach. Estimates of the (hourly) TWL achieved on beaches are taken as 108
where MSL is the local mean sea level (which can be treated as either a constant tidal 110 datum or as a variable with a rate of change), η A is the astronomical tide, η NTR is the non-111 tidal residual (NTR) water level, and R is the vertical component of the wave runup 112 which includes both the wave setup (a super elevation of the water level due to wave 113 breaking) and swash oscillations around the wave setup. Here we employ an extreme 114 wave runup statistic, R 2% (e.g., Holman, 1986), the two percent exceedance value of wave 115 runup maxima, since it is the highest swash events in a wave runup distribution that are 116 Of primary interest for assessing the impact of climate change on both the historical 139 and future exposure of a coastline to flood and erosion hazards is the time rate of change of the 140
where and RSLR is the local relative sea level rise rate. 143 RSLR can be either positive or negative as it combines the rate of vertical water motions due to 144 global processes (SLR G , e.g., increased water temperatures and melting glaciers and ice caps), 145 regional processes that cause variations from the global mean (SLR R , e.g., changes to earth's 146 gravitational field), and vertical land motions (VLM R , e.g., local tectonics, isostasy, and 147 compaction). While there is some evidence indicating that the range of astronomical tides may 148 be evolving (e.g., Flick et al., 2003) , of the terms in Eq. 3 both and the VLM R component 149 of RSLR can be considered unaffected by a changing climate at the time scales relevant to this 150
study. 151
The NTR component of the TWL is composed of a complex interplay of processes 152 often dominated by storm surge (atmospheric pressure effect and wind setup) but also 153 including effects of local water density variations and coastal trapped waves (e.g., Enfield and 154 Allan, 1980) . Climate-induced changes in any of these processes could lead to measurable 155 changes in local water levels observed at tide gages. While this meteo-oceanographic 'noise' is 156 often minimized in tide gage analyses meant to assess regional or global SLR rates, here we are 157 interested in trends in local TWLs and is treated as a component of SLR R and 158 subsumed within long-term estimates of RSLR. Therefore, the time rate of change of the TWL 159 achieved on beaches can be simplified to being primarily a function of RSLR as directly 160 determined from tide gages and the rate of change of offshore wave characteristics (significant 161 wave height (SWH) and peak period), for particular beach morphology, via their control on the 162
wave runup (Eq. 2). Any trends or variability in these parameters will directly influence the 163 frequency that backshore properties experience erosion or flooding. Performing the same set of analyses as described above for NDBC wave buoy 46002, 236 located seaward of the southern Oregon/northern California coast, reveals that the annual rate 237 of change of wave runup is again positive (~1.8 mm/yr) during the observational record. 238
Therefore while the coastline is emergent relative to processes that affect local mean sea level, 239 this southern stretch of the PNW may in fact be submergent relative to the TWL due to the 240 impact of an increasing wave climate. To assess the relative impacts of continued wave height increases and SLR on 250 future flood probability and erosion potential along the PNW coast, I first compute how 251 often TWLs impact the backshore (e.g., the toe of a sea cliff) under 'present' conditions 252 (Figure 4) . The proxy IHPY computed using the 10-year TWL time series described 253 above depends on the foreshore beach slope and on the elevation of the backshore feature 254 of interest. Due to the wave runup dependence on foreshore beach slope, the model 255 While uncertain, our ability to predict RSLR is more advanced than our ability to 283 predict future trends in wave climate. Therefore, we first make the simple assumption 284 that the linear rate of increase observed in the wave height record will continue and we 285 described above, the rate of increase in wave heights is in fact dependent on the 292 exceedance percentile of the SWH CDF. Therefore, the most appropriate method for 293 incorporating predicted increases in wave heights into the 10-year TWL time series is as 294 a function of exceedance percentile. Here we discretize the CDF into 1% probability bins 295 and compute the rate of increase for each bin. Waves that are exceeded only 1% of the 296 time in any given year have increased by a rate of approximately 4.3 cm/yr. 297 Figure 6 illustrates the impact of both a range of RSLR and a continued increase 298 in the intensity of the wave climate on the frequency with which the TWL exceeds 299 various backshore elevations. It is clear that the impact of the combination of RSLR and 300 increasing waves is significantly different than that with RSLR alone (Figure 5 ). The 301 relative importance of increasing wave heights and periods depends on the magnitude ofRSL change, foreshore beach slope, elevation of the backing feature, and the method by 303 which the wave height increases are incorporated into the TWL time series (Figure 7) . 304
For RSLR magnitudes of up to 0.15 m by 2025, increasing wave heights contribute more 305 to the increase in IHPY than does SLR. Wave heights become relatively more important 306 with increasing beach slopes and increasing backshore feature elevations. Incorporating 307 the increase in wave heights as a function of exceedance percentile has a more significant 308 impact than simply incorporating seasonal increases or annual increases into the wave 309 height time series (Figure 7) . 310 indicated that shoreline change is most sensitive to changes in wave direction, the effect 359 of an increasingly intense future wave climate was significant. A wave climatology 360 incorporating increasing winter wave heights and periods resulted in as much as 100 m 361 more erosion than a baseline prediction in which the wave climate remained stationary. 362
As with the TWL modeling, the magnitude of these differences depended on whether the 363 increase in the severity of wave conditions is distributed evenly throughout the entire 364 year or enhanced during the winter storm season. To achieve the same magnitude of 365 additional shoreline change caused by increasing wave heights, approximately 100 m, a 366 simple Bruun Rule calculation (Bruun, 1962) 
